Expression of the First 811 Nucleotides of the Herpes Simplex Virus Type 1 Latency-Associated Transcript (LAT) Partially Restores Wild-Type Spontaneous Reactivation to a LAT-Null Mutant  by Drolet, B.S. et al.
r
i
p
g
i
o
e
a
i
l
o
s
L
a
p
W
R
p
(
t
p
(
R
Virology 253, 96–106 (1999)
Article ID viro.1998.9492, available online at http://www.idealibrary.com on
0
C
AExpression of the First 811 Nucleotides of the Herpes Simplex Virus Type 1
Latency-Associated Transcript (LAT) Partially Restores Wild-Type
Spontaneous Reactivation to a LAT-Null Mutant
B. S. Drolet,* G. C. Perng,* R. J. Villosis,* S. M. Slanina,* A. B. Nesburn,*,† and S. L. Wechsler*,†,1
*Ophthalmology Research Laboratories, Cedars-Sinai Medical Center Burns and Allen Research Institute, 8700 Beverly Blvd., Los Angeles,
California 90048; and †Department of Ophthalmology, UCLA School of Medicine, Los Angeles, California
Received September 18, 1998; returned to author for revision October 9, 1998; accepted October 27, 1998
The herpes simplex virus type 1 (HSV-1) latency-associated transcript (LAT) gene is required for efficient spontaneous
reactivation in the rabbit ocular model. We recently showed that insertion of 1.8 kb of the LAT promoter and the first 1.5 kb
of the 8.3-kb primary LAT transcript into a novel, ectopic location in the virus unique long (UL) region restored wild-type
spontaneous reactivation to a LAT-null mutant. To further map the LAT spontaneous reactivation function within the first 1.5
kb of LAT, we rescued the same LAT-null mutant by inserting 1.8 kb of the LAT promoter and just the first 811 nucleotides
of LAT into the same location in the UL. In a series of three experiments, the resulting virus, designated LAT2.6A, had a
spontaneous reactivation rate that was midway between the original LAT-null mutant and wild-type virus. Thus expression
of the first 811 LAT nucleotides produced a spontaneous reactivation rate that was significantly higher than that of the
LAT-null mutant but significantly less than that of wild type. This suggests that part, but not all, of the LAT function involved
in efficient spontaneous reactivation is located within the first 811 nucleotides of the primary 8.3-kb LAT. © 1999 Academic Press
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After primary peripheral infection, herpes simplex vi-
us type 1 (HSV-1) establishes a lifelong latent infection
n sensory neurons. When the eye is the site of the
rimary infection, latency is established in the trigeminal
anglia (TG). At various times throughout the life of the
nfected individual, the virus can reactivate, return to the
riginal peripheral site, shed, and produce recurrent dis-
ase. Recurrent ocular HSV-1 results in corneal scarring
nd is the leading infectious cause of corneal blindness
n the United States (Nesburn, 1983). How the HSV-1
atency-reactivation cycle is regulated remains unclear.
During latency, abundant viral transcription appears to
ccur only in the region of the latency-associated tran-
cript (LAT) gene (Rock et al., 1987; Stevens et al., 1987).
AT is located in the long repeats of the HSV-1 genome
nd therefore is present in two copies per genome. The
rimary LAT transcript is 8.3 kb (Wagner et al., 1988;
echsler et al., 1988). It gives rise to a family of LAT
NAs (LATs), including a very stable 2-kb LAT that ap-
ears to be an intron spliced from the primary transcript
Farrell et al., 1991). LAT-null mutants (i.e., LAT transcrip-
ion negative mutants) have been shown to reactivate
oorly by explant or induced reactivation in the mouse
Block et al., 1990; Hill et al., 1990; Javier et al., 1988; Leib
1 To whom reprint requests should be addressed at Davis Bldg.,
aoom 5072. Fax: (310) 652-8411. E-mail: wechsler@csmc.edu.
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96t al., 1989, 1991; Sawtell and Thompson, 1992; Steiner et
l., 1989; Trousdale et al., 1991), by induced reactivation
n the rabbit (Bloom et al., 1994), and by spontaneous
eactivation in the rabbit (Perng et al., 1994). Although
AT facilitates the efficiency of reactivation of HSV-1, low
evels of reactivation occur even in the complete ab-
ence of LAT (Perng et al., 1994).
We previously showed that expression of just the first
.5 kb of the 8.3-kb LAT is sufficient for wild-type (WT)
evels of spontaneous reactivation (Perng et al., 1996b).
e inserted 1.8 kb of the LAT promoter and the first 1.5 kb
f LAT into a LAT-null mutant at a location far removed
rom the normal location of LAT. This 3.3-kb insertion,
lthough capable of transcribing only the first 1.5 kb of
AT, completely restored WT levels of spontaneous re-
ctivation to the LAT-null mutant. This mutant, originally
esignated LAT1.5a to indicate the size of the LAT tran-
cript, has been renamed LAT3.3A to better indicate the
ize of the LAT insertion.
How LAT enhances spontaneous reactivation, and in
articular how the first 1.5 kb of LAT enhances sponta-
eous reactivation, remains unknown. Mapping LAT
pontaneous reactivation function to the first 1.5 kb of
AT (Perng et al., 1996b) eliminated possible antisense
egulation of the important immediate–early gene, IPC0,
s an essential mechanism of this LAT function. Further-
ore, no LAT-encoded protein has yet been detected in
ivo, and recent sequence analyses suggest the lack of
well conserved LAT ORF among three LAT genes
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97LAT NUCLEOTIDES 1–811 ENHANCE SPONTANEOUS REACTIVATIONapable of supporting high levels of spontaneous reac-
ivation (Drolet et al., 1998). Thus unless novel spicing
ccurs within the first 1.5 kb of LAT, it is extremely
nlikely that the LAT function involved in enhancing
pontaneous reactivation is due to a LAT-encoded pro-
ein.
To further map the functional region of LAT within the
irst 1.5 kb, we constructed and analyzed a mutant similar
o LAT3.3A discussed above. The LAT insert in LAT2.6A
ontains the same 1.8-kb LAT promoter region as
AT3.3A but contains only the first 811 nucleotides (nt)
ather than the first 1499 nt of the primary LAT transcript.
e show here that LAT2.6A had a spontaneous reacti-
ation rate that was significantly enhanced compared
ith its parental LAT-null mutant (dLAT2903). However,
he rescuing ectopic LAT fragment did not fully restore
T levels of spontaneous reactivation; rather, the spon-
aneous reactivation rate of LAT2.6A was approximately
idway between that of WT McKrae and the LAT-null
utant and significantly different from both. These find-
ngs suggest that a LAT function involved in enhancing
pontaneous reactivation maps partially within the first
11 nt of LAT.
RESULTS
tructure of the LAT2.6A virus
McKrae was used as the original parental virus be-
ause its high spontaneous reactivation rate in rabbits
llows changes in the spontaneous reactivation rate of
utants to be detected and analyzed statistically. The
enomic structure of WT HSV-1 McKrae is shown sche-
atically in Fig. 1A. The HSV-1 genome contains a
nique long region (UL) and a unique short region (US)
solid lines), both of which are flanked by inverted re-
eats [open rectangles; terminal and internal repeats
ong (TRL and IRL) terminal and internal repeats short
TRS and IRS)]. The brackets above the genome indicate
he location of BamHI restriction fragments used below
n Southern analyses. The long repeats are expanded
dashed lines) to show the relative location and status of
he LAT, ICP0, and ICP34.5 genes. The primary 8.3-kb
AT transcript is unstable and difficult to detect. It gives
ise to the very stable and easily detected 2-kb LAT, the
ocation of which is shown as a solid rectangle. The
ocation of the LAT promoter TATA box is indicated as
ATA. The transcription start site of the 8.3-kb LAT (11) is
8 nt downstream of the TATA box (Zwaagstra et al.,
990).
The LAT promoter mutant dLAT2903, which we have
escribed previously (Perng et al., 1994), is shown sche-
atically in Fig. 1B. dLAT2903 contains a 1.8-kb deletion
n both copies of the LAT gene (one in each long repeat).
his deletion consists of ;0.2 kb of the LAT promoter
nd the portion of the LAT gene encoding the first 1.67 kb
f the 8.3-kb primary LAT transcript. The deleted region Cs indicated by XXXX. The deletion extends to LAT nt
667.
LAT3.3A (previously designated LAT1.5a) (Perng et al.,
996b) was derived from dLAT2903 by the insertion of the
AT promoter and the DNA encoding the first 1.5 kb of
he 8.3-kb primary LAT transcript into the unique long
egion (Fig. 1C). The insertion is at an AflII site, which
as converted to a PacI site, between the 59 ends of
L37 and UL38 (genomic nt 84252). UL37 and UL38 are
oth gamma genes that require only the first 29–34 nt
pstream of the mRNA cap site for transcriptional activity
Flanagan et al., 1991; Johnson and Everette, 1986; Sha-
ira et al., 1987, 1990). The PacI site into which we cloned
he LAT insert is located 36 nt upstream of the UL37 cap
ite and 126 nt upstream of the UL38 cap site. Thus
either the UL37 nor the UL38 promoter is disrupted in
his construct. The complete insert is 3.3 kb and consists
f the LAT promoter and associated upstream se-
uences totaling 1.8 kb and the first 1.5 kb of the struc-
ural portion of the 8.3-kb LAT gene. LAT3.3A is WT for all
arameters examined, including spontaneous reactiva-
ion (Perng et al., 1996b).
The LAT2.6A mutant was constructed in a manner
dentical to that of LAT3.3A, except that only the first 811
t of the primary LAT transcript along with 1.8 kb of the
AT promoter was inserted between UL37 and UL38 (Fig.
D). As with LAT3.3A, LAT2.6A retains the dLAT2903
eletion in both copies of LAT and differs from dLAT2903
nly in that it contains a small portion of LAT introduced
nto the viral unique long region rather than the normal
AT location. Like dLAT2903 and LAT3.3A, LAT2.6A is not
apable of making any LAT transcripts from the normal
ocation of LAT in the viral long repeats. Instead, LAT2.6A
s capable of transcribing only the first 811 nt of the
rimary 8.3-kb LAT. Thus as illustrated in Fig. 1E,
AT2.6A can transcribe only 811 nt, or ,10% of the 8.3-kb
AT. The structural portion of the insert includes the 661
t between the start of the primary LAT transcript and the
9 end of the stable 2-kb LAT and just the first 150 nt of
he 2-kb LAT. The structure was confirmed by Southern
lot analysis (see Fig. 4).
eplication of LAT2.6A in tissue culture
To determine whether LAT2.6A was capable of WT
eplication in tissue culture, CV-1 cells were infected with
.01 pfu/cell of LAT2.6A, dLAT2903, WT McKrae, or
AT3.3A. All four viruses grew to the same final titer of
1 3 108 pfu/ml (Fig. 2A). Thus as we previously showed
Perng et al., 1994), neither deletion of the LAT promoter
nd the beginning of LAT nor insertion of the 3.3-kb LAT
ragment between UL37 and UL38 affected the final titer
f HSV-1 in tissue culture. In addition, LAT2.6A, the mu-
ant under study in this report, also had a similar WT titer
n CV-1 cells. The replication competency was tested inV-1 cells because we previously found that some mu-
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98 DROLET ET AL.FIG. 1. Structure of LAT mutant viruses. (A) Schematic representation of WT HSV-1. The prototypic orientation of HSV-1 shown here contains a
nique long region and a unique short region (solid lines), each bounded by inverted repeats (open rectangles). UL indicates unique long; US, unique
hort; TRL, terminal repeat long; IRL, internal repeat long; TRS, terminal repeat short; and IRS, internal repeat short. The dashed lines under the genome
ndicate a blow-up of the repeat regions. Arrows indicate the locations and directions of the LAT, ICP34.5, and ICP0 transcripts. The solid rectangle
ithin the primary 8.3-kb LAT transcript indicates the location of the stable 2-kb LAT. TATA indicates the location (in the genomic DNA) of the LAT
romoter TATA box. (B) Previously described LAT deletion mutant, dLAT2903 (Perng et al., 1994). dLAT2903 contains a 1.8-kb deletion (2161 to 11667)n both copies of the LAT gene (one in each long repeat) indicated by XXXX. (C) LAT3.3A mutant. A blow-up shows the 1.8-kb promoter and 1.5 kb
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99LAT NUCLEOTIDES 1–811 ENHANCE SPONTANEOUS REACTIVATIONants that replicated well in RS cells were impaired in
V-1 cells (Perng et al., 1995). Thus CV-1 cells appeared
n some cases to provide a more restrictive environment
or testing in vitro replication competency. In addition, the
act that our LAT2.6A viral stock grown in RS cells had a
iter consistent with that of WT virus had already strongly
uggested that this mutant grew normally in RS cells.
eplication of LAT2.6A in rabbit eyes
Rabbit eyes were infected without scarification with
3 105 pfu/eye of LAT2.6A, dLAT2903, McKrae, or
AT3.3A as described under Materials and Methods. At
arious times postinfection (p.i.), tear films were col-
ected from five eyes (one eye from each of five different
abbits) per group and assayed for the amount of virus by
laque assays on RS cells (Fig. 2B). All three viruses
ppeared to grow to comparable peak titers of ;1 3 104
fu/eye swab, indicating that LAT2.6A was not impaired
or replication in rabbit eyes.
irulence of LAT2.6A in rabbits
Rabbits were ocularly infected as above, and survival
as determined 21 days p.i. All deaths were attributable
o HSV-1-induced encephalitis. Three separate experi-
ents were done. LAT3.3A was chosen as a WT control
or two of the three experiments because (1) we had
reviously found that LAT3.3A behaved like the original
T McKrae for all parameters examined (Perng et al.,
996b) and (2) we believed that LAT3.3A was the most
ppropriate positive control we had for LAT2.6A since
oth viruses had been constructed in an identical man-
er from the same LAT-null mutant. Although fewer
AT2.6A-infected rabbits appeared to survive in experi-
ents 1 and 3 compared with LAT3.3A and WT, the
ifferences were not significant (Table 1, P . 0.2). Be-
ause we have previously shown that the survival rates
f rabbits infected with LAT3.3A and McKrae are identi-
al (Perng et al., 1996b), it was statistically meaningful to
ombine the results of all three experiments to increase
tatistical power. Although there were now 92 rabbits in
he LAT2.6A group and 56 rabbits in the combined WT
roup (Table 1), there still was no significant difference in
AT2.6A survival (P 5 0.21). As we previously reported
Perng et al., 1994), survival of rabbits infected with
LAT2903 was similar to that of WT in all three experi-
ents and in the total (Table 1). Thus it was statistically
eaningful to combine the dLAT2903 and WT group
esults to produce a group with 112 rabbits. Even with
f the LAT transcript inserted between genes UL37 and UL38 in the un
AT3.3A. (D) LAT2.6A mutant. A blow-up shows the 1.8-kb promoter an
nique long region of the LAT deletion mutant dLAT2903 to generate th
o transcribe any of the WT 8.3-kb LAT transcript, whereas LAT3.3A and
rom the LAT insert in the unique long region.his very large number of animals, there still was no
ignificant difference compared with LAT2.6A (P 5 0.19,
ot shown). Thus as we previously showed for LAT3.3A
Perng et al., 1996b), insertion of the 2.6-kb LAT fragment
etween UL37 and UL38 did not alter the virulence of
AT2.6A.
FIG. 2. Replication of LAT2.6A. (A) Semiconfluent monolayers of CV-1
ells were infected with 0.01 pfu/cell of LAT2.6A, LAT3.3A, dLAT2903, or
T McKrae. At the indicated times, the infected cell monolayers were
arvested by freeze–thawing, and the amount of virus was determined
y plaque assay on RS cells. Each time point is the average of two
eterminations. (B) Rabbits were ocularly infected with 2 3 105 pfu/eye
f the indicated virus as described under Materials and Methods. Tear
ilms were collected on the days indicated, and virus titers were
etermined by standard plaque assays. Each time point represents the
ean viral titer from five eyes.
ng region of the LAT deletion mutant dLAT2903 to generate the virus
t of the LAT transcript inserted between genes UL37 and UL38 in the
LAT2.6A. (E) LAT RNA transcripts from each virus. dLAT2903 is unable
A are able to make a single transcript of 1.5 kb and 811 nt, respectively,ique lo
d 811 n
e virus
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100 DROLET ET AL.pontaneous reactivation of LAT2.6A
All eyes from the surviving rabbits described in the
receding paragraph were swabbed daily to collect tear
ilms for analysis of spontaneously reactivated virus as
escribed under Materials and Methods. Eye swab col-
ection began 30 days p.i., at which time latency had
lready been established (Perng et al., 1994). In all three
xperiments (Figs. 3A–3C), the cumulative spontaneous
eactivation rates in rabbits latently infected with
AT2.6A (f) appeared to be between that of WT (F) and
LAT2903 (E). In experiments 1 and 3, the cumulative
pontaneous reactivation rate in rabbits infected with
LAT2903 was ;0.5 virus-positive culture per eye, which
as consistent with our previous results with this mutant
Drolet et al., 1998; Perng et al., 1994, 1996b, 1996c).
owever, in experiment 2, the rate appeared higher (Fig.
B, dashed line) due to the aberrantly high virus shed-
ing detected in the right eye of one rabbit (rabbit 77).
eactivated virus was detected in this eye for 16 con-
ecutive days. This extreme amount of virus shedding
ad never been observed in our laboratory with any
irus, bringing into question the health of this rabbit.
ecause this rabbit represented an extreme outlier, the
esults for experiment 2 were analyzed and presented
ith and without the data from this rabbit (Fig. 3B,
TABLE 1
Survival of Rabbits Ocularly Infected with LAT2.6A
Experiment Survivala P vs 2.6b
1
LAT2.6A 4/19 (22%)
LAT3.3A (WT) 8/19 (42%) 0.3
dLAT2903 7/19 (37%) 0.48
2
LAT2.6A 16/48 (29%)
LAT3.3A (WT) 6/20 (30%) 1.0
dLAT2903 9/20 (42%) 0.26
3
LAT2.6A 8/25 (32%)
McKrae (WT) 9/17 (53%) 0.21
dLAT2903 6/17 (35%) 1.0
Total
LAT2.6A 28/92 (28%)
WTc 23/56 (41%) 0.21
dLAT2903 22/56 (39%) 0.29
a Rabbits were infected with 2 3 105 pfu/eye as described under
aterials and Methods. Survival was determined 21 days p.i. All deaths
ere attributable to HSV-1-induced encephalitis.
b Fisher’s exact test, two-sided. The groups are considered signifi-
antly different if P , 0.05.
c WT total includes both LAT3.3A and McKrae virus groups. We have
hown that LAT3.3A behaves like the original WT McKrae (Perng et al.,
996b) and is the most appropriate positive control for LAT2.6A be-
ause both viruses were constructed in a similar manner from the
ame LAT-null mutant.ashed line and open circles, respectively). oBecause of the low number of surviving rabbits in
ome groups in the individual experiments, statistical
nalyses were done on the combined data from all three
xperiments. We previously showed that LAT3.3A and
T McKrae have the same high level of spontaneous
eactivation, so it was statistically meaningful to combine
hese two groups into a single WT control group (Table
). Analysis of positive (spontaneously reactivated) cul-
ures versus total cultures is shown in Table 2, column 2.
pproximately 5% of the tear films from rabbits latently
nfected with LAT2.6A contained spontaneously reacti-
ated virus. This was significantly higher than the LAT-
egative dLAT2903 latently infected rabbits and signifi-
antly lower than the WT latently infected rabbits. Thus a
ingle copy of the first 811 nt of the 8.3-kb LAT resulted
n a spontaneous reactivation rate intermediate between
he LAT-null mutant and WT.
Because the above analyses do not take into account
he number of eyes in each of the groups, the data were
nalyzed by additional methods. The percentage of virus-
ositive cultures for each eye in each group (i.e., the
ercentage of time each eye was virus positive) was
alculated and analyzed (Table 2, column 3). By this more
igorous analysis, spontaneous reactivation of LAT2.6A
as still significantly higher than that of dLAT2903 (with
r without rabbit 77) and significantly lower than that of
T virus. Thus again, spontaneous reactivation of
AT2.6A appeared to be intermediate between that of
T and LAT negative virus.
The number of eyes in each group that had at least
ne spontaneous reactivation was also analyzed (Table
, column 4). Spontaneous reactivation of LAT2.6A was
ignificantly less than WT (P 5 0.04) and just failed to
each statistical significance compared with dLAT2903
P 5 0.06). Thus by this analysis, spontaneous reactiva-
ion of LAT2.6A again appeared to fall between that of
T and dLAT2903.
The effect of the 811-nt LAT insert on spontaneous
eactivation was also measured by analyzing the number
f times spontaneous reactivation was detected in each
ye, regardless of the length of time virus was present.
his is equivalent to the number of episodes in which
eactivated virus is detected in the tears, with consecu-
ive days of positive cultures being treated as a single
vent. Thus an eye that sheds virus for a single day and
n eye that sheds virus for 3 consecutive days would
oth constitute one episode of spontaneous reactivation.
he average number of spontaneous reactivation epi-
odes per eye in each group calculated in this manner
re shown in Table 2 (column 5). The number of episodes
er eye with LAT2.6A (0.9) appeared to be intermediate
etween that of dLAT2903 (0.4; P 5 0.03) and WT (1.3;
5 0.066), although LAT2.6A compared with WT just
ailed to reach statistical significance by this analysis. All
f the above analyses suggest that LAT2.6A reactivated
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101LAT NUCLEOTIDES 1–811 ENHANCE SPONTANEOUS REACTIVATIONpontaneously at a rate intermediate between that of
T/LAT3.3A and dLAT2903.
outhern analysis of spontaneously reactivated virus
To eliminate the unlikely possibility that the spontane-
usly reactivated virus recovered from eyes of rabbits
atently infected with LAT2.6A virus was contaminating
T virus or LAT2.6A virus that had somehow reverted
ack to WT virus, Southern analyses were done on
pontaneously reactivated virus recovered from selected
yes that had been infected with LAT2.6A. Figure 4A
hows a Southern analysis of McKrae, dLAT2903, and
AT2.6A DNAs that were individually digested with
amHI and probed with a 32P-labeled HpaI–MluI restric-
ion fragment corresponding to LAT nt 1667–2849. This
robe is specific for a region of LAT that is present in WT
nd dLAT2903 but not in the LAT insert of LAT2.6A (LAT
t 21801 to 1811). This probe should hybridize only to
orresponding sequence in the BamHI B and BamHI E
estriction fragments generated from the long repeats
one from each repeat; see top of Fig. 1). As seen in Fig.
A, lane 1 (WT McKrae), these two bands are of different
izes because in each restriction fragment, one BamHI
ut is in the repeat and one is in the adjacent unique long
egion. The larger band (BamHI B) contains LAT from the
nternal repeat, whereas the smaller band (BamHI E) is
rom the terminal repeat. Both of these bands are smaller
n the original LAT-null mutant dLAT2903 (lane 5), indic-
tive of the 1.8-kb LAT deletion in each long repeat in this
irus. LAT2.6A (lane 2; LAT2.6A virus stock) shows the
ame band pattern as dLAT2903, confirming that this
utant still contains the deletion in both original copies
f the LAT region. Figure 4A, lanes 3 and 4, shows
AT2.6A DNA used to infect rabbits and LAT2.6A DNA
rom a spontaneously reactivated virus.
Figure 4B shows a Southern analysis of DNAs that
ere individually digested with BamHI and probed with
he BamHI H restriction fragment that hybridizes to the
L37–UL38 region (see top of Fig. 1) but not to any of the
AT sequences. Both the WT (lane 1) and dLAT2903
lane 5) show a single band of 7.5 kb corresponding in
ize to the BamHI H restriction fragment containing UL37
nd UL38. In contrast, lane 3 (LAT2.6A) contains only a
lower migrating band of 10.1 kb, corresponding to
amHI H plus the 2.6-kb LAT insert. This confirms the
resence of the LAT insert in LAT2.6A.
umber of eyes in the group. (A–C) Results from three individual
xperiments. Statistical analyses of the combined data are shown in
able 2. F, LAT3.3A in A and B and WT McKrae in C; f, LAT2.6A; E,
LAT2903. (B) Spontaneous reactivation results for dLAT2903 are
hown with the results for rabbit 77 (dLAT2903 #77; dashed line) and
ithout the results for rabbit 77 (dLAT2903, E). This was done because
ne eye of rabbit 77 was a severe outlier, having shed virus for 16FIG. 3. Cumulative spontaneous reactivation of LAT2.6A. Rabbits
ere ocularly infected with LAT2.6A, dLAT2903, LAT3.3A, or WT Mc-
rae. Beginning on day 30 p.i. (day 1 of tear film collection), at which
ime latency had been established, tear films were collected daily for 26
ays, plated on rabbit skin cells, and observed for the presence of CPE.
andomly selected positive cultures were confirmed by passage and
outhern blot analysis (see Fig. 4). The y axis represents the cumulativeonsecutive days (see text).
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102 DROLET ET AL.In Fig. 4A, both of the bands in lane 4 (spontaneously
eactivated LAT2.6A) are the same size as the corre-
ponding bands from dLAT2903 (lane 5) and input
AT2.6A (lane 3).
In addition, in Fig. 4B, the single LAT2.6A band from
eactivated LAT2.6A (lane 4) is the same size as the input
irus (lane 3). These banding patterns were found for all
he spontaneously reactivated LAT2.6A virus examined.
T
Cumulative Spontan
Virusa
Virus-positive tear cultures/
total culturesb
Perc
w
AT2.6A 67/1308 (5.1%)
LAT2903g 23/1094 (2.1%)
T viruses 101/1118 (9.0%)
LAT2903 (77)h 39/1146 (3.4%)
, LAT2.6A vs dLAT2903f 0.0002i
AT2.6A vs WT 0.0002
AT2.6A vs dLAT2903 (77)h 0.047
Note. Statistical analysis of the combined data presented in Figs. 3A
a Rabbits were ocularly infected as described under Materials and M
b Spontaneous reactivation was assessed by culturing tear films as
c For each eye within each group, the fraction of days on which HSV
verage for each group is shown.
d During the latency period, two rabbits died after reactivation of LA
n experiment 1.
e Consecutive culture positive days for an eye are considered to re
ndicate the number of episodes per group divided by the number of e
f This LAT-null mutant group statistics were calculated without the o
g Corneas of three eyes from two WT infected rabbits and four eyes
sed for spontaneous reactivation analysis (Hill et al., 1990).
h The LAT-null mutant group statistics calculated with the outlier, rab
i x2 analysis. The groups are considered significantly different if P ,
j The fractions obtained above for each eye were compared betwee
k Fisher’s exact test, one-sided.
l Mann-Whitney test; the number of episodes for each eye were com
FIG. 4. Southern analysis of LAT2.6A. (A) Viral DNAs were isolated,
ndividually digested with BamHI, and probed with an HpaI–MluI re-
triction fragment corresponding to LAT nt 1667–2849. This probe
ybridizes to LAT DNA from the long repeats but not to the LAT inserts
n the UL37–UL38 region. Lane 1 indicates WT McKrae; lane 2, LAT2.6A
irion DNA; lane 3, LAT2.6A inoculum; lane 4, spontaneously reacti-
ated LAT2.6A; and lane 5, dLAT2903 virion DNA. (B) Viral DNAs were
igested with BamHI and probed with the BamHI H restriction fragment
hat hybridizes to the UL37–UL38 region (see top of Fig. 1) but not to
AT sequences. Lane 1 indicates McKrae inoculum; lane 2, spontane-
usly reactivated McKrae; lane 3, LAT2.6A inoculum; lane 4, spontane-
usly reactivated LAT2.6A; lane 5, dLAT2903 inoculum; and lane 6,dpontaneously reactivated dLAT2903.hese Southern analyses therefore confirmed that the
pontaneously reactivated LAT2.6A virus retained the
.8-kb LAT deletion in both repeats as well as the 2.6-kb
AT insert in the unique long region. Thus the ability of
AT2.6A to reactivate spontaneously was due to inherent
roperties of the mutant virus and not to restoration of
he original LAT deletion by homologous recombination
ith LAT gene sequences inserted into the unique long
egion.
ranscription of LAT in trigeminal ganglia of rabbits
atently infected with LAT2.6A
Rabbits were ocularly infected, and 60 days later (.30
ays after latency had been established) TGs were re-
oved. Total RNA was isolated from individual TGs,
T-PCR was performed to detect LAT transcription as
escribed under Materials and Methods, and products
ere subjected to Southern analysis using an internal
2P-labeled probe for each region. One set of primers
enerated a 202-bp product corresponding to LAT nt
99–401 (Fig. 5A), a region in front of the 2-kb transcript
tart site (see Fig. 5C). The second set of primers gen-
rated a 360-bp product corresponding to LAT nt 921–
281 (Fig. 5B), a region after the first 811 nt of the LAT
nsert in LAT2.6A (Fig. 5D). Each lane shows the result
rom a different randomly selected TG, each from a
eactivation Results
of time each eye
itive for virusc
Positive eyes/
total eyesd
Average no. of reactivation
episodes/eyee
4.9% 24/52f (46%) 0.9
1.9% 12/42 (29%) 0.4
8.4% 29/43f (67%) 1.3
2.6% 14/44 (32%) 0.4
0.03 j 0.06k 0.03l
0.03 0.03 0.066
0.047 0.11 0.03
s.
ed under Materials and Methods.
tive cultures were obtained out of the total cultures for each eye. The
n experiment 2, and one rabbit died without reactivation of dLAT2903
t a single spontaneous reactivation event or episode. The numbers
that group.
abbit 77.
ree LAT2.6A-infected rabbits were severely scarred and therefore not
s by a one-sided Mann-Whitney rank sum test.ABLE 2
eous R
entage
as pos
–3C.
ethod
describ
-1-posi
T2.6A i
presen
yes in
utlier, r
from th
bit 77.
0.05.
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103LAT NUCLEOTIDES 1–811 ENHANCE SPONTANEOUS REACTIVATIONcKrae, a single band migrating with an apparent size
orresponding to the predicted 202-bp product is seen
ith the first set of primers (Fig. 5A), whereas a single
and migrating with an apparent size corresponding to
he predicted 360-bp product is seen with the second set
f primers (Fig. 5B). As expected, a single band indistin-
uishable from the 202-bp WT band is also detected in
he LAT2.6A latently infected TG (Fig. 5A). In contrast, no
T-PCR product corresponding to the region after the
11-nt LAT insert is seen (Fig. 5B, lane 2.6), confirming
hat this mutant does not transcribe this region of LAT
uring latency. In TGs examined from rabbits latently
nfected with the LAT deletion mutant dLAT2903, no RT-
CR product is seen with either set of primers (Figs. 5A
nd 5B, lanes D), confirming that no LAT is made by this
irus.
DISCUSSION
Of the primary 8.3-kb LAT transcript, the region from nt
62–2673 appears to be a very stable intron that is
pliced out and accumulates in the nucleus of sensory
eurons during latency (Farrell et al., 1991). The functions
f the primary LAT transcript and this 2-kb LAT RNA
ntron in HSV-1 reactivation are poorly understood. Many
roups have made mutants in which the LAT promoter
FIG. 5. Transcription of LAT in rabbits latently infected with LAT2.6A.
otal RNA was isolated from individual TGs of latently infected rabbits.
T-PCRs were performed and analyzed by Southern blot analysis as
escribed under Materials and Methods. Each lane shows the RT-PCR
roduct from one TG. (A) RT-PCR products corresponding to LAT nt
99–401, hybridized to a 32P-labeled probe corresponding to LAT nt
30–359. Lane WT indicates WT McKrae; lane 2.6, LAT2.6A; and lane D,
LAT2903. (B) RT-PCR products corresponding to LAT nt 921–1281,
ybridized to a 32P-labeled probe corresponding to LAT nt 1023–1052.
anes are as in A. (C) Schematic representation of the relative loca-
ions and sizes of the RT-PCR fragments in A and B compared with the
11 LAT nt insert of LAT2.6A. The 202-bp LAT fragment before the 2-kb
ntron corresponds to nt 199–401 and is located within the 811 LAT nt
nsert of LAT2.6A. The 360-bp fragment corresponds to LAT nt 921–1281
nd is located after the 811 LAT nt insert of LAT2.6A.as been deleted and found that these LAT-null mutants cave reduced levels of reactivation (Block et al., 1990;
loom et al., 1994; Hill et al., 1990; Ho and Mocarski,
989; Javier et al., 1988; Leib et al., 1989, 1991; Perng et
l., 1994; Sawtell et al., 1992; Steiner et al., 1989; Trous-
ale et al., 1991). Thus LAT plays an important role in
ome portion of the latency cycle. We previously mapped
LAT spontaneous reactivation function to within the
irst 1.5 kb of the 8.3-kb primary LAT transcript. In this
eport, we show that transcription of just the first 811 nt
f LAT is capable of partially restoring spontaneous re-
ctivation to a LAT-null mutant.
In three independent experiments, the HSV-1 strain
cKrae-based mutant LAT2.6A appeared to have a
pontaneous reactivation rate intermediate between that
f WT McKrae and the McKrae-based LAT-null mutant
LAT2903. However, this was not obvious in experiment
, due to one eye from rabbit 77 in the dLAT2903 goup.
his eye shed virus for 16 consecutive days. Continuous
ecurrent shedding to this degree has not been previ-
usly observed in this laboratory for dLAT2903 or any
ther mutant or WT virus. Inclusion of the data from this
ye resulted in an apparent high spontaneous reactiva-
ion rate for dLAT2903 that was unprecedented. Thus
abbit 77 was considered an outlier. Figure 3B therefore
hows cumulative spontaneous reactivation with
dashed line) and without (E) the data from rabbit 77. In
ddition, spontaneous reactivation data for the three
xperiments were analyzed with and without this outlier.
he statistical analyses without rabbit 77 clearly support
he notion that LAT2.6A has a spontaneous reactivation
ntermediate between WT McKrae and dLAT2903. Fur-
hermore, although including the outlier makes the P
alues larger, it did not alter the significance or lack of
ignificance for any of the comparisons.
The significant, but partial, rescue of spontaneous
eactivation in LAT2.6A strongly suggests that all or part
f the first 811 nt of the 1.5-kb LAT transcript is important
or the ability of McKrae to spontaneously reactivate.
here are several possibilities that could explain why the
irst 811 LAT nt only partially rescued spontaneous reac-
ivation. LAT2.6A contains only one copy of LAT as op-
osed to the two copies present in WT virus. In addition,
he region of LAT in LAT2.6A that can be transcribed is in
n ectopic location instead of in the WT location in the
ong repeats. However, LAT3.3A, which is structurally
dentical to LAT2.6A except that the LAT insert contains
AT nt 1–1499 instead of LAT nt 1–811, has a spontane-
us reactivation rate indistinguishable from that of WT
cKrae. Thus the ability of LAT2.6A to only partially
escue spontaneous reactivation cannot be accounted
or solely on the basis of a single copy of LAT or its
ctopic location.
Another possibility is that the first 811 nt of LAT con-
ains part but not all of the information required for WT
cKrae levels of spontaneous reactivation. Sequence
ontiguous with or distal to this region may be required
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104 DROLET ET AL.o complete the functional region or regions of LAT. It is
lso possible that part of the first 811 nt acts as a “spacer”
aintaining a functionally important distance between
wo or more functional regions, at least one of which is
ithin the first 811 nt.
Finally, because there is reason to believe that LAT
oes not encode a protein involved in spontaneous re-
ctivation (Drolet et al., 1998), it is possible that the LAT
unction involved in spontaneous reactivation is due to a
irect activity of the LAT RNA. A direct RNA activity has
ecently been shown for a red clover necrotic mosaic
irus RNA (Sit et al., 1998). This activity could be based
n a specific secondary LAT RNA structure that interacts
ith viral or cellular DNAs, RNAs, or proteins. Thus the
irst 1.5 kb of LAT may be capable of forming a com-
letely functional LAT RNA structure, whereas the RNA
tructure formed by the first 811 nt alone may be capable
f only partial function.
MATERIALS AND METHODS
irus and cells
All parental and mutant viruses were triple plaque
urified and passaged only one or two times before use.
T McKrae, dLAT2903, and LAT3.3A have been previ-
usly described (Perng et al., 1996a, 1994). Rabbit skin
RS) cells, used for preparation of virus stocks and for
ulturing rabbit tear films, were grown in Eagle’s minimal
ssential media (MEM) supplemented with 5% FCS. CV-1
ells, used for growth kinetics, were grown in MEM
upplemented with 10% FCS.
onstruction of LAT2.6A
The parental virus for this construct was dLAT2903, a
utant of HSV-1 strain McKrae in which the region of LAT
rom 2161 to 11663 relative to the LAT transcription start
ite (EcoRV–HpaI) was deleted from both copies of LAT
Perng et al., 1994). This LAT-null mutant is thus missing
0.2 kb of the LAT promoter and 1.6 kb of the 59 end of
he primary 8.3-kb LAT transcript. dLAT2903 was previ-
usly marker rescued back to WT (dLAT2903R) by ho-
ologous recombination with an appropriate McKrae
estriction fragment (Perng et al., 1994). To make the LAT
.6A virus, dLAT2903 was marker rescued with a plasmid
ontaining a HpaI–AlwNI fragment from McKrae (corre-
ponding to McKrae LAT nt 21793 to 1811). To allow for
fficient homologous recombination in the unique long
egion, the LAT fragment was inserted into a plasmid
ontaining an engineered PacI site between UL37 and
L38 (pV375Pac) (Perng et al., 1996b). The final plasmid
onstruct therefore contained the 2.6-kb LAT fragment
lanked on both sides by genes from the unique long
egion.
LAT 2.6A was generated by homologous recombina-
ion as we previously described (Perng et al., 1996b). oriefly, the above plasmid was cotransfected with infec-
ious dLAT2903 DNA by the calcium phosphate method.
iruses from the cotransfection were plated, and isolated
laques were picked and screened for insertion of the
.6-kb LAT using restriction digestion and Southern blot
nalysis. Selected plaques were triple plaque purified
nd reanalyzed by restriction digestion and Southern blot
nalysis to ensure that the 2.6-kb LAT DNA was present
n the UL region. A final plaque was purified and desig-
ated LAT2.6A.
eplication of virus in tissue culture
CV-1 cell monolayers at ;70–80% confluency were
nfected with virus at 0.01 pfu/cell, and all monolayers
efed with exactly the same amount of MEM containing
0% FCS. Virus was harvested at various times by two
ycles of freeze-thawing the monolayers plus media
280°C to room temperature), and virus titers were de-
ermined by standard plaque assays on RS cells.
abbits
Eight- to 10-week-old New Zealand White (NZW) male
abbits (Irish Farms) were used for all experiments. Rab-
its were treated in accordance with ARVO (Association
or Research in Vision and Ophthalmology), AALAC
American Association for Laboratory Animal Care), and
IH (National Institutes of Health) guidelines.
abbit model of ocular HSV-1 infection, latency, and
pontaneous reactivation
Rabbits were bilaterally infected, without scarification
r anesthesia, by placing 2 3 105 pfu/eye of the appro-
riate virus into the conjunctival cul-de-sac, closing the
ye, and rubbing the lid gently against the eye for 30 s as
e previously described (Rock et al., 1987). At this dose
f HSV-1 McKrae, virtually all of the surviving rabbits
arbor a bilateral latent HSV infection in both TG, result-
ng in a high group rate of spontaneous reactivation
Perng et al., 1994, 1996b). Latency is assumed to have
een established by 28 days p.i. (Hill et al., 1987; Perng
t al., 1994).
etection of spontaneous reactivation by ocular
hedding
Beginning on day 30 p.i., tear film specimens were
ollected daily from each eye for 26 days as previously
escribed (Nesburn et al., 1990) using a Dacron-tipped
wab. The swab was then placed in 0.5 ml of tissue
ulture medium and freeze–thawed, and the inoculated
edium was used to infect RS cell monolayers. These
ell monolayers were observed in a masked fashion by
hase light microscopy for 3–5 days for HSV-1 cytopathic
ffects (CPE). Positive monolayers were blind passaged
nto fresh cells to confirm the presence of virus. DNA
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105LAT NUCLEOTIDES 1–811 ENHANCE SPONTANEOUS REACTIVATIONas purified from randomly selected positive cultures
erived from latently infected rabbits and analyzed by
estriction enzyme digestion and Southern blots to con-
irm that the CPE was due to reactivated HSV-1 and that
he reactivated virus was identical to the input virus.
T-PCR
RNA was isolated from individual TG from latently
nfected rabbits. Each TG was placed into 1 ml of Trizol
GIBCO BRL, Grand Island, NY) supplemented with 7.2 ml
f b-mercaptoethanol and frozen at 280°C. TG were
hawed and homogenized on ice using a T25 basic
issue homogenizer (IKA Works, Inc., Wilmington, NC). An
dditional 1 ml of Trizol was added, the mixture was
ortexed, and 1 ml of chloroform–isoamylalcohol (24:1)
as added. The mixture was vortexed until emulsified,
ncubated on ice for 20 min, and centrifuged for 15 min at
°C, and the supernatant was collected and precipitated
t 280°C with 2.5 volumes of 100% ethanol. The pellet
as washed (70% ethanol), dried, and treated with
Nase I (100 ml containing 12 units at 37°C for 1 h;
oehringer-Mannheim, Indianapolis, IN) and boiled for
0 min. The RNA mixture was then centrifuged through
iashredder and Rneasy columns (Qiagen, Chatsworth,
A) according to the manufacturer’s protocol. The RNA
as eluted in 30 ml of DEPC-treated double-distilled
ater, and 5 ml was subjected to first-strand cDNA syn-
hesis by Superscript II (GIBCO BRL) according to the
anufacturer’s protocol. All primers were based on the
cKrae LAT sequence (Drolet et al., 1998). The primer for
irst-strand cDNA synthesis for a region before the 2-kb
AT intron was 59-TTGGCGGTAACCCCGATTGTTTATCT-
AGG-39 (corresponding to LAT nt 372–401). The cDNA
roduct was then amplified by PCR using the primer
9-TCGTTCCGTCGCCGGGATGTTTCGTTCGTT-39 (corre-
ponding to LAT nt 199–228) and the first-strand primer.
hese primers generate a 202-bp product corresponding
o LAT nt 199–401. The primer for first-strand cDNA syn-
hesis for a region after the deletion at LAT nt 811 was
9-ACACCCAGGCATGCTCGGTGGTATGAAGGA-39 (cor-
esponding to LAT nt 1252–1281). The cDNA product was
hen amplified by PCR using the primer 59-TACTCCAA-
AAGGCATGTGTCCCACCCCGC-39 (corresponding to
AT nt 921–950) and the first-strand primer. These prim-
rs generate a 360-bp product corresponding to LAT nt
21–1281. Each PCR was done with 5 ml of each first-
trand synthesis mixture in a 50-ml volume with Dy-
Azyme EXT PCR kit (MJ Research, Inc., Watertown, MA)
ccording to the manufacturer’s protocol. Cycling reac-
ions were performed on a thermal cycler (PE Applied
iosystems, Foster City, CA) as follows: (1) one cycle:
enaturation at 95°C for 5 min; (2) 30 cycles: denatur-
tion at 94°C for 45 s, annealing at 55°C for 30 s,
xtension at 72°C for 1 min 30 s; and (3) one cycle of
xtension for 10 min at 74C°. The amplified productsere fractionated on a 2% SeaKem LE agarose gel (FMC
ioproducts, Rockland, ME) running in TAE buffer, trans-
erred to a nylon membrane, and hybridized to 32P-
abeled internal probes 59-AAAAGGCCCCCCGGAGG-
TTTTCCGGGTT-39 corresponding to LAT nt 330–359
efore the 2-kb LAT and 59-GTGTGGAAGGAAATGCACG-
CGCGTGTGTA-39 corresponding to LAT nt 1023–1052
fter the deletion at nt 811.
Statistical analyses were performed using Instat, a
ersonal computer software program. Results were con-
idered statistically significant when the P value was
0.05.
ACKNOWLEDGMENTS
This work was supported by U.S. Public Health Service Grants
Y07566 and EY10243, the Discovery Fund for Eye Research, and the
kirball Program in Molecular Ophthalmology. The authors thank Anita
very for her expert technical support.
REFERENCES
lock, T. M., Spivack, J. G., Steiner, I., Deshmane, S., McIntosh, M. T.,
Lirette, R. P., and Fraser, N. W. (1990). A herpes simplex virus type 1
latency-associated transcript mutant reactivates with normal kinetics
from latent infection. J. Virol. 64, 3417–3426.
loom, D. C., Devi-Rao, G. B., Hill, J. M., Stevens, J. G., and Wagner, E. K.
(1994). Molecular analysis of herpes simplex virus type 1 during
epinephrine-induced reactivation of latently infected rabbits in vivo.
J. Virol. 68, 1283–1292.
rolet, B. S., Perng, G. C., Cohen, J., Slanina, S. M., Yukht, A., Nesburn,
A. B., and Wechsler, S. L. (1998). The region of the herpes simplex
virus type 1 LAT gene involved in spontaneous reactivation does not
encode a functional protein. Virology 242, 221–232.
arrell, M. J., Dobson, A. T., and Feldman, L. T. (1991). Herpes simplex
virus latency-associated transcript is a stable intron. Proc. Natl.
Acad. Sci. USA 88, 790–794.
lanagan, W. M., Papavassiliou, A. G., Rice, M., Hecht, L. B., Silverstein,
S., and Wagner, E. K. (1991). Analysis of the herpes simplex virus type
1 promoter controlling the expression of UL38, a true late gene
involved in capsid assembly. J. Virol. 65, 769–786.
ill, J. M., Haruta, Y., and Rootman, D. S. (1987). Adrenergically induced
recurrent HSV-1 corneal epithelial lesions. Curr. Eye Res. 6, 1065–
1071.
ill, J. M., Sedarati, F., Javier, R. T., Wagner, E. K., and Stevens, J. G.
(1990). Herpes simplex virus latent phase transcription facilitates in
vivo reactivation. Virology 174, 117–125.
o, D. Y., and Mocarski, E. S. (1989). Herpes simplex virus latent RNA
(LAT) is not required for latent infection in the mouse. Proc. Natl.
Acad. Sci. USA 86, 7596–7600.
avier, R. T., Stevens, J. G., Dissette, V. B., and Wagner, E. K. (1988). A
herpes simplex virus transcript abundant in latently infected neurons
is dispensable for establishment of the latent state. Virology 166,
254–257.
ohnson, P., and Everette, R. (1986). The control of herpes simplex virus
type 1 late gene transcription: A TATA box/cap site region is sufficient
for fully efficient regulated activity. Nucleic Acids Res. 14, 8247–8264.
eib, D. A., Bogard, C. L., Kosz-Vnenchak, M., Hicks, K. A., Coen, D. M.,
Knipe, D. M., and Schaffer, P. A. (1989). A deletion mutant of the
latency-associated transcript of herpes simplex virus type 1 reacti-
vates from the latent state with reduced frequency. J. Virol. 63,
2893–2900.
eib, D. A., Nadeau, K. C., Rundle, S. A., and Schaffer, P. A. (1991). The
promoter of the latency-associated transcripts of herpes simplex
NN
P
P
P
P
P
R
S
S
S
S
S
S
T
W
W
Z
106 DROLET ET AL.virus type 1 contains a functional cAMP-response element: Role of
the latency-associated transcripts and cAMP in reactivation of viral
latency. Proc. Natl. Acad. Sci. USA 88, 48–52.
esburn, A. B., ed. (1983). “Report of the Corneal Disease Panel: Vision
Research: A National Plan 1983–1987,” Vol. II, part III. C. V. Mosby Co.,
St. Louis.
esburn, A. B., Ghiasi, H., and Wechsler, S. L. (1990). Ocular safety and
efficacy of an HSV-1 gD vaccine during primary and latent infection.
Invest. Ophthalmol. Vis. Sci. 31, 1497–1502.
erng, G. C., Chokephaibulkit, K., Thompson, R. L., Sawtell, N. M.,
Slanina, S. M., Ghiasi, H., Nesburn, A. B., and Wechsler, S. L. (1996a).
The region of the herpes simplex virus type 1 LAT gene that is
colinear with the ICP34.5 gene is not involved in spontaneous reac-
tivation. J. Virol. 70, 282–291.
erng, G. C., Dunkel, E. C., Geary, P. A., Slanina, S. M., Ghiasi, H.,
Kaiwar, R., Nesburn, A. B., and Wechsler, S. L. (1994). The latency-
associated transcript gene of herpes simplex virus type 1 (HSV-1) is
required for efficient in vivo spontaneous reactivation of HSV-1 from
latency. J. Virol. 68, 8045–8055.
erng, G. C., Ghiasi, H., Slanina, S. M., Nesburn, A. B., and Wechsler,
S. L. (1996b). The spontaneous reactivation function of the herpes
simplex virus type 1 LAT gene resides completely within the first
1.5 kilobases of the 8.3-kilobase primary transcript. J. Virol. 70, 976–
984.
erng, G. C., Slanina, S. M., Ghiasi, H., Nesburn, A. B., and Wechsler,
S. L. (1996c). A 371-nucleotide region between the herpes simplex
virus type 1 (HSV-1) LAT promoter and the 2-kilobase LAT is not
essential for efficient spontaneous reactivation of latent HSV-1. J. Vi-
rol. 70, 2014–2018.
erng, G. C., Thompson, R. L., Sawtell, N. M., Taylor, W. E., Slanina,
S. M., Ghiasi, H., Kaiwar, R., Nesburn, A. B., and Wechsler, S. L. (1995).
An avirulent ICP34.5 deletion mutant of herpes simplex virus type
1 is capable of in vivo spontaneous reactivation. J. Virol. 69, 3033–
3041.
ock, D. L., Nesburn, A. B., Ghiasi, H., Ong, J., Lewis, T. L., Lokensgard,
J. R., and Wechsler, S. L. (1987). Detection of latency-related viral
RNAs in trigeminal ganglia of rabbits latently infected with herpes
simplex virus type 1. J. Virol. 61, 3820–3826.
awtell, N. M., and Thompson, R. L. (1992). Herpes simplex virus type
1 latency-associated transcription unit promotes anatomical site-dependent establishment and reactivation from latency. J. Virol. 66,
2157–2169.
hapira, M., Homa, F. L., Glorioso, J. C., and Levine, M. (1987). Regu-
lation of the herpes simplex virus type 1 late (gamma 2) glycoprotein
C gene: Sequences between base pairs 234 to 129 control tran-
sient expression and responsiveness to transactivation by the prod-
ucts of the immediate early (alpha) 4 and 0 genes. Nucleic Acids Res.
15, 3097–3111.
helton, L., Pensiero, M., and Jenkins, F. (1990). Identification and
characterization of the herpes simplex virus type 1 protein encoded
by the UL37 open reading frame. J. Virol. 64, 6101–6109.
it, T. L., Vaewhongs, A. A., and Lommel, S. A. (1998). RNA-mediated
trans-activation of transcription from a viral RNA. Science 281, 829–
832.
teiner, I., Spivack, J. G., Lirette, R. P., Brown, S. M., MacLean, A. R.,
Subak-Sharpe, J. H., and Fraser, N. W. (1989). Herpes simplex virus
type 1 latency-associated transcripts are evidently not essential for
latent infection. EMBO J. 8, 505–511.
tevens, J. G., Wagner, E. K., Devi-Rao, G. B., Cook, M. L., and Feldman,
L. T. (1987). RNA complementary to a herpesvirus alpha gene mRNA
is prominent in latently infected neurons. Science 235, 1056–1059.
rousdale, M. D., Steiner, I., Spivack, J. G., Deshmane, S. L., Brown,
S. M., MacLean, A. R., Subak-Sharpe, J. H., and Fraser, N. W. (1991).
In vivo and in vitro reactivation impairment of a herpes simplex virus
type 1 latency-associated transcript variant in a rabbit eye model.
J. Virol. 65, 6989–6993.
agner, E. K., Devi-Rao, G., Feldman, L. T., Dobson, A. T., Zhang, Y. F.,
Flanagan, W. M., and Stevens, J. G. (1988). Physical characterization
of the herpes simplex virus latency-associated transcript in neurons.
J. Virol. 62, 1194–1202.
echsler, S. L., Nesburn, A. B., Watson, R., Slanina, S. M., and Ghiasi,
H. (1988). Fine mapping of the latency-related gene of herpes sim-
plex virus type 1: Alternative splicing produces distinct latency-
related RNAs containing open reading frames. J. Virol. 62, 4051–
4058.
waagstra, J. C., Ghiasi, H., Slanina, S. M., Nesburn, A. B., Wheatley,
S. C., Lillycrop, K., Wood, J., Latchman, D. S., Patel, K., and Wechsler,
S. L. (1990). Activity of herpes simplex virus type 1 latency-associated
transcript (LAT) promoter in neuron-derived cells: Evidence for neu-
ron specificity and for a large LAT transcript. J. Virol. 64, 5019–5028.
